Abstract The graphene oxide was modified by coupling agent (KH-550). The polyimide/graphene treated by KH-550 (PI/KG) composite were prepared by in situ polymerization from 4,4 0 -diaminodiphenyl ether (ODA), 2,2-bis(4-(3,4-dicarboxyphenoxy) phenyl) propane dianhydride (BPADA), and modified graphene. The structure and morphology of the composite membranes were analyzed by Fourier transform infrared spectroscopy (FT-IR) and X ray diffraction. Compared to pure PI system, the tensile strength and elongation at break of PI/KG-4 composite, increasing by 26.4 and 24.1 %, was 134 MPa and 9.8 %, respectively. The 5 % mass loss temperature of polyimide system was about 486.1°C, and the PI/KG-6 composite was 493.8°C. PI/KG composites have a better thermal stability and a higher thermal conductivity compared to PI system with the increasing of KG content.
Introduction
Recently, polymer composites have attracted much attention due to various applications in aerospace, electronic packaging, automotive and chemical industries [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . A number of these applications are tribological components, where the self-lubrication properties of polymer composites are of special advantage [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The addition of welldispersed nanofillers into a polymer matrix has been demonstrated to be quite effective in improving the properties of the polymer matrix, including mechanical and thermal properties [25] [26] [27] [28] [29] [30] .
Due to the favorable exceptional physical and mechanical properties of graphene, it is widely used in polymer's toughness modification and engineers applications. Introducing the nanometer graphene into polyimide matrix can improve its toughness effectively. Great enhancements have been observed in the mechanical properties of different polymer matrixes using a few weight percentages of graphene oxide (GO) as reinforcing nanofillers/graphene oxide (GO) as reinforcing nanofillers [31] [32] [33] . Common matrix resins modified by graphene have polyaniline, cyanate ester resin, polystyrene and other kinds of conductive polymer materials [34] [35] [36] [37] .
Polyimide is a kind of polymer containing imide ring type in the main chain of molecules, which has excellent comprehensive performance and widely been used in the field of aviation, aerospace, microelectronics industry, fuel cell, and others [38] [39] [40] [41] [42] [43] . However, due to its overlarge rigidity, pure PIs have some limitations, the physical and chemical properties of PIs need be further enhanced to meet the extreme requirements in some special situations by adding additives to the PI matrix [44] [45] [46] . In recent years, a large number of organic/inorganic fillers have been mixed with PIs for the preparation of high performance PI composites, such as Al 2 O 3 [47] , graphene oxide [48] , TiO 2 [49] , organosilicate [50] , clay [51] , boron nitride (BN) [52] , SiO 2 [53] , carbon nanotube (CNT) [54] , graphene nanosheet (GNS) [55] , and carbon nanofiber (CNF) [56] .
In this article, we prepared the graphene/polyimide composite film modified by the coupling agent (KH-550) through the situ polymerization with 4, 4 0 -diamino diphenyl ether (ODA) and bisphenol A type 2-ether dianhydride (BPADA). The structure and morphology of PI/KG composite was studied by Fourier transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD). The tensile properties, the thermal stability and thermal conductivity property of PI/KG composite were analyzed by tensile properties test, thermo-gravimetric analysis (TGA) and LFA447 light flash system.
Experiment

Materials
Preparation of PI/KG nanocomposite
In a 150 mL three-necked flask, graphene oxide (GO, 150 mg) and KH-550 (70 mL) were introduced. The mixture was dispersed for 1 h by ultrasound firstly and stirred for 12 h at 75°C,then the graphene oxide modified by KH-550 was obtained by centrifuging and washing of the cooling mixture. Then the deionized water (100 mL) was added to the resulting solution and dispersed for 1 h by ultrasound, Hydrazine hydrate (30 mL) was added within 1 h at 70°C and stirring was continued at 85°C for 12 h. Then the dried graphene oxide modified by KH-550 (KG) was received by deionized water's washing and drying.
The poly(amic acid) (PAA)/KG solution was prepared by polycondensation of 4,4 0 -diaminodiphenyl ether (ODA), 2,2-bis(4-(3,4-dicarboxyphenoxy) phenyl) propane dianhydride (BPADA) and KG in DMF as solvent. A typical polycondensation reaction was run as shown in the following example: in a 150 mL three-necked flask equipped with magnetic stick, ODA (2.0023 g), KG and DMF (70 mL) were introduced. The mixture was dispersed for 2 h by ultrasound. Then BPADA (5.2049 g) was added with 1 h under ultrasound and stirring was continued at room temperature for 12 h. The PAA/KG solution was abtained.
The resulting suspension was cast onto glass plates and initially cured in vacuum oven at 40, 60, 80, 100, 120, 150, 180 and 200°C for 1 h at each temperature, then the initial films were heated at 80°C/0.5 h, 120°C/0.5 h, 180°C/ 0.5 h, 200°C/1.5 h, 250°C/1.5 h, 300°C/1.5 h and 350°C/2 h. Then the PI/KG film was received. The content of KG containing 0.5wt % KH-550 in PI/KG composite was listed in Table 1 .
Characterization
FT-IR spectra were recorded on KBr pellets from 500 to 4000 cm -1 with a resolution of 4 cm -1 on a Nicolet IS10 IR spectrometer (USA). X-ray diffraction (XRD) patterns were recorded on a Rigaku Model D/max-2500 system XRD analytical instrumentation (Japan) with pattern from 2h = 10-60°(operating at 40 kV, 100 mA).
Thermogravimetric analysis (TGA) tests were performed using a Netzsch STA 449C thermogravimetric analyzer (Germany) at a heating rate of 10°C/min under N 2 atmosphere from 30 to 800°C. Differential scanning calorimetry (DSC) was performed using a DSC1 (Mettler Toledo, Switzerland) operated at a heating rate of 10°C/ min under N 2 atmosphere from 30 to 350°C.
The tensile properties of film were characterised by a electronic universal testing machine (WSM-20 KB, China). The thermal conductivity of composite were measured on disk samples by using a LFA447 light flash system (NETZSCH, Selb, Germany) at different temperature from 25 to 250°C.
Results and discussion
FT-IR analysis
FTIR spectroscopy was used to study the chemical structure of PI films. Figure 1 is the FTIR spectra of PI/KG-1 and PI/KG-6 samples, the absorption bands observed at 1785, 1730, 1350, and 720 cm -1 are the characteristics of the imide rings indicating that PI/KG film was obtained successfully. The characteristic band of polyamic acid around 1660, 1430, 1390 and 920 cm -1 was not found indicating that the imidization reaction was completed.
XRD analysis
XRD patterns of PI/KG-1 and PI/KG-4 samples were recorded in Fig. 2 . In XRD pattern, a broad diffraction peak of amorphous appeared between 10°and 30°in all samples indicating that the polyimide substrate exhibited amorphous. The XRD patterns of the PI/KG-4 composite exhibited one sharp diffraction peak centered at approximately 26.4°, which is related to the form of graphene and also indicates that KG has been successfully added into the polyimide film. In case of PI/KG-1 and PI/KG-4 composite, the peaks originating from the materials are close, indicating that the structure of KG didn't destroyed aggregation of polyimide.
Mechanical properties of PI/KG nanocomposites
The tensile strength of all PI/KG composite were tested and recorded in Fig. 3 . As can be seen, the tensile strength of PI/KG composite films increased with the increase of KG's amount. When the content of KG was less than 1.5 %, the tensile strength and elongation at break of PI/KG composite increased rapidly. When the content of KG was higher than 1.5 %, the tensile strength of PI/KG composite reduced and the elongation at break went down. The tensile strength and elongation at break of pure PI film was 106 MPa and 7.9 %, respectively. And the tensile strength and elongation at break of PI/KG-4 composite, increasing by 26.4 and 24.1 %, was 134 MPa and 9.8 %, respectively. Therefore, the presence of KG enhanced the mechanical properties of BPADA-ODA polyimide film. This phenomenon can be explained as following, the toughener can improve the toughness of polyimide system effectively and overcome its brittleness. When a small amount of modified graphene was added, it enhanced the polyimide matrix by the bond formed between the polyimide molecular chains, but because of less content of graphene, when the composite film is subjected to tensile force, the partial cracks were prone to enlarged and the elongation was reduced. When the content of graphene increased, it can form an effective continuous plastic deformation zone, which influenced the progress of films' destruction, thus the tensile strength and elongation increased at the same time.
In order to further confirm the effect of KG on the toughness of PI/KG composite, Fig. 4 shows the SEM images of fracture surface of PI/KG-1 and PI/KG-6 composite. The no-KG/PI system had a river-like fracture surface (Fig. 4a) , exhibiting a typical brittle feature. While addition of KG into PI system, the fracture surfaces are accompanied with more ductile sunken areas, which is consistent with the improved the tensile strength of the nanocomposites. They give important information about the micro structure of the materials. It is noted that the fracture surfaces of the PI/KG-4 composite showed a uniform dispersion, suggesting excellent mechanical properties. The 
Thermal properties of the PI/KG nanocomposites
Thermal stability of the PI/KG composite was evaluated by TGA in a comparative way. The weight percent as a function of temperature for PI/KG composite at the heating rate of 10°C/min under N 2 is given in Fig. 5 . Clearly, no obvious weight loss was seen before 400°C, weight loss rate increased gradually in 450-600°C. Degradation temperature of Td 5 and Td 10 % were defined as the temperature at which losing weight was 5 and 10 %, respectively. The maximum degradation rate temperature are summarized in Table 2 . DTG curves on effect of the content of KG for PI/ KG compositeresin are shown in Fig. 5 . The main thermal parameters are summarized in Table 2 . All the samples showed excellent thermal stability, having the initial decomposition temperature in the range of 480-495°C and the temperature of 10 % weight loss in the range of 500-520°C. The thermal stability slightly decreased as filler content of KG increased. This can be explained by the following seasons, the first one is that the bond formed by KH-550 prevented the movement of small molecules when the polyimide decomposed; the other is the excellent thermal stability of graphene, its adding reduced the TGA rate of the composite film.
Thermal conductivities of PI/KG nanocomposites
To investigate the effect of the nanofiller treated by coupling agent on the thermal conductivity of polyimide composite, Fig. 6 compares the thermal conductivity of the PI/KG composite as a function of temperature. In order to investigate KG addition, the PI/KG-6 composite was held constant at the level which resulted in the maximized thermal transport properties. The effective thermal conductivity for the copolymer of PI/KG-1 composite was found to be 0.354 W/(mÁK) and 0.467 W/(mÁK) at 25 and 250°C, respectively. And the thermal conductivity of PI/ KG composite increased with temperature over the investigated temperature range. The thermal conductivity of PI/ KG nanocomposites exhibited temperature dependences similar to those of the copolymer of PI system. Meanwhile, the thermal conductivity of PI/KG nanocomposites increased with the increasing KG content for all samples.
In the case of the GO treated by KH-550, the maximum thermal conductivity of PI/KG composite was obtained when about 2.5 % KG was present in the PI system. Various mechanisms have been presented to explain the increased effective thermal conductivity of composites containing different nanoparticles, such as the interface interaction at the particle/resin interface [57] , the nature of heat transport in the nanoparticles and the effects of nanoparticle clustering [58] . The reason for the increased thermal conductivity in Fig. 6 must be correlated with the formation of a 3-D network structure. Our previous study elucidated the significant roles of KG on the thermal conductivity with filler. Meanwhile, thermal conduction chains, the prevailing means by which to conduct thermal diffusion in the large-size filler/resin, are the secondary means by which to conduct thermal diffusion in the composites [59] . The understanding of interface structure between GO treated by KH-550 and the polyimide matrix enables us to understand the thermal conduction mechanisms and therefore guides us to choose proper approaches to gain excellent thermal conductivity. Furthermore, this understanding also leads us to design novel nanocomposites with high thermal conductivity.
Conclusions
A series of new PI/KG membranes were prepared starting from a PAA with KG. The thermal stability of films increased with the increase of KG's content, which inproved the thermal stability of polyimide composite. It can be noticed that the introduction of KG into polyimide resin increased effectively the tensile strength of the polyimide composite. And, the thermal stability of polyimide composite increased with the increase of KG's content. Compared to the PI/KG-1 composite, the effective thermal conductivity of the PI/KG-6 composites was 1.112 W/(mÁK) and 1.215 W/(mÁK) at 25 and 250°C, which is increased by 214.1 and 160.2 %, respectively. 
